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Abstract—We consider a fully-loaded ground wireless network
supporting unmanned aerial vehicle (UAV) transmission services.
To enable the overload transmissions to a ground user (GU) and
a UAV, two transmission schemes are employed, namely non-
orthogonal multiple access (NOMA) and relaying, depending on
whether or not the GU and UAV are served simultaneously. Under
the assumption of the system operating with infinite blocklength
(IBL) codes, the IBL throughputs of both the GU and the UAV
are derived under the two schemes. More importantly, we also
consider the scenario in which data packets are transmitted
via finite blocklength (FBL) codes, i.e., data transmission to
both the UAV and the GU is performed under low-latency and
high reliability constraints. In this setting, the FBL throughputs
are characterized again considering the two schemes of NOMA
and relaying. Following the IBL and FBL throughput charac-
terizations, optimal resource allocation designs are subsequently
proposed to maximize the UAV throughput while guaranteeing
the throughput of the cellular user. Moreover, we prove that
the relaying scheme is able to provide transmission service to
the UAV while improving the GU’s performance, and that the
relaying scheme potentially offers a higher throughput to the
UAV in the FBL regime than in the IBL regime. On the other
hand, the NOMA scheme provides a higher UAV throughput
(than relaying) by slightly sacrificing the GU’s performance.
Index Terms—finite blocklength coding, NOMA, relaying, re-
source allocation, UAV
I. INTRODUCTION
THe past few years have witnessed a tremendous increasein the deployment and use of unmanned aerial vehicles
(UAVs) in both commercial and civilian applications, such
as for aerial surveillance, traffic control, photography, pack-
age delivery, and so on [1]–[4]. Hence, the ground wireless
networks are expected to not only serve ground users (GU)
but also provide ubiquitous communication services for the
UAVs, i.e., support the communication between the UAVs
and their users or controllers [5], [6]. Consequently, ground
networks supporting UAV communications have relatively
more workload.
Non-orthogonal multiple access (NOMA) and relaying are
known as promising techniques enhancing the performance of
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overloaded networks. By applying the successive interference
cancellation (SIC) technique, NOMA enables two (or more)
users to transmit data packets in a single time-frequency
resource block by exploiting differences in channel condi-
tions [7]. Authors in [8] address the impact of user pairing on
the NOMA system. In [9], the sum-throughput achieved with
NOMA is investigated. Recently, for a UAV-assisted NOMA
network where the UAV serves as an access-point, the outage
probability of GUs [10] and the UAV trajectory designs [11]
are addressed, respectively. In addition, cooperative relaying
has been also shown as an efficient way to improve the system
performance [12], [13] by letting one user (with a better
link to the access point) perform as a relay to assist the
other weak-link user(s). For a UAV network, it has proposed
in [12] to apply the UAV as a relay and study the throughput
maximization of the system. In addition, experiments on such
UAV-relaying ad hoc networks are conducted in [13]. From a
resource allocation perspective, the authors in [14] maximize
the precision of a UAV-aided recommendation system by
optimally allocating the resource of computing, delay, and
traffic resource. The allocation of tours of targets to vehicles
is investigated in [15] for a multi-UAV system to minimize the
sum of the flying distances of UAVs. The frequency allocation
problem is addressed in [16] for a UAV-assisted D2D network.
However, fundamental characterizations and optimal designs
for the network of a UAV in pair with a GU are yet to be
identified under both the NOMA and relaying schemes.
Moreover, all the above studies are conducted under the
assumption of transmitting arbitrarily reliably at Shannon’s
capacity. In other words, these results are only accurate for
the network with significantly long blocklengths. Note that
both UAV and GU can be deployed to support latency-
critical applications with high reliability requirements, e.g.,
remote control. Due to these critical latency and reliability
requirements, data transmissions are realized by codes with
short blocklengths, i.e., the networks operate in the so-called
finite blocklength (FBL) regime in which the transmissions
are no longer arbitrarily reliable [17]. To tackle this problem,
FBL information theoretic bounds are developed in [18] for an
additive Gaussian noise (AWGN) in a single hop transmission.
In addition, the model has been extended to quasi-static fading
channels [19], [20], cooperative relaying networks [21] and
NOMA networks [22], [23]. More recently, a joint blocklength
and UAV location optimization is studied in [24] for a FBL
network where the UAV is considered as a flying base-
station/relay. In addition, the authors in [25] consider a UAV
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2network including a ground access point (AP) and UAV-users,
and maximize the available range of the AP to support FBL
communications for these UAV-users. However, note that with
a high probability of having a line-of-sight (LoS) link, a UAV-
user generally has strong channels from the ground AP and to
GUs. On the one hand, significant channel quality difference
generally exists between the channels from AP to the UAV-
user and to a GU, which motivates one to apply NOMA
between the two users experiencing the channel difference.
On the other hand, as the link from the UAV-user to the GU
is likely to be strong, this indicates a potential performance
improvement (in both IBL and FBL regimes) for the GU
when the UAV-user performs as a relay to assist the data
transmission to the GU. Hence, it is essential to study and
optimize the performance of such pair of users. To the best
of our knowledge, both the IBL and the FBL performances
of a UAV-user paired with a GU under either the NOMA
scheme or the relaying scheme have yet to be characterized
and maximized via optimal resource allocation.
In this work, we consider a ground wireless network sup-
porting UAV transmissions, where a UAV and a GU are served
under either the NOMA or relaying scheme. The throughputs
of UAV and GU are characterized in the IBL regime and the
FBL regime, addressing the latency-non-sensitive applications
and low-latency high-reliability applications, respectively. Fol-
lowing these characterizations, we propose optimal resource
allocations to maximize the UAV throughput while guarantee-
ing the GU’s transmission quality. The contributions of this
paper can be further detailed as follows:
• The throughputs of UAV and GU are characterized in
both the IBL and FBL regimes.
• Following the throughput characterizations, optimal re-
source allocation designs are determined under the
NOMA and relaying schemes, when the objective is to
maximize the UAV throughput while guaranteeing the
GU’s transmission quality. The designs are addressed in
the IBL regime and the FBL regime, respectively.
• We further address the feasibility of the considered opti-
mization problems. In particular, we prove that the relay-
ing is able to create a win-win situation, i.e., provides
transmission service to the UAV while improving the
GU’s performance. Moreover, we prove that the relaying
scheme potentially offers a higher throughput to the UAV
in the FBL regime than in the IBL regime, as in the FBL
regime it likely requires less resources to guarantee the
GU’s transmission quality and therefore allocates more
resources to the UAV.
The remainder of the paper is organized as follows: In
Section II, we describe the system model, review the FBL
performance metrics and provide the problem statement. In
Section III, throughputs of the considered network are charac-
terized under the NOMA and relaying schemes, respectively.
Subsequently in Section IV, we analyze the optimal resource
allocation strategies, which maximize the UAV throughput
while guaranteeing the GU’s transmission quality. The feasi-
bility of the resource allocation problems are further discussed
in Section V. We provide our simulation results in Section VI
and finally conclude the paper in Section VII.
II. PRELIMINARIES
In this section, we first briefly describe the considered
scenario of a UAV connected ground wireless network. Sub-
sequently, we introduce the channel model representing the
wireless link characteristics. Finally, we review the FBL
performance model of a single link transmission in comparison
to the IBL performance model.
A. System Description
We consider a ground wireless network with an AP serving
its own GUs. At the same time, a UAV is additionally required
to be served beside the GUs. In particular, due to the resource
(e.g., frequency, power) limitation in the network, the service
to the UAV is provided by using the existing resources i.e.,
without incurring additional costs in terms of more frequency
bands or increased transmit power in the network. To satisfy
this condition, one practical approach is to select a GU
and use the frequency band allocated to this GU to serve
both the GU and the UAV jointly, as shown in Fig.1. At
the same time, the selected GU’s transmission quality (with
respect to throughput and reliability) should be guaranteed (in
comparison to being solely served) when applying such joint
transmission schemes1.
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Fig. 1. An example of the considered network, where the AP-UAV link has
the line of sight (LoS), the AP-GU link has no LoS (NLoS), and the UAV-GU
link is possible to have the LoS (PLoS).
We assume that the system operates in a time-slotted fashion
where time is divided into frames with a length of M symbols.
The gains of the channels from the AP to the UAV, from the
AP to the GU, and from the UAV to the GU are denoted by G1,
G2, and G3, respectively. Then, the channel gains are modeled
by Gi = zi10−Li , i = 1, 2, 3, where Li, i = 1, 2, 3, represent
the path losses (in dB) in these links. In addition, zi, i =
1, 2, 3, denote the gains due to the random channel fading. In
particular, we assume that channels experience block-fading,
i.e., zi, i = 1, 2, 3, are constant within a frame and vary from
one frame to the next.
1Generally, if we select the GU which has a poor channel to the AP, its
transmission performance via the AP-GU link (being solely served before
paring with the UAV) is low. Hence a similar transmission performance of
this GU is relatively easier to be guaranteed by applying joint transmission
schemes to the GU-UAV pair.
3B. IBL Regime vs. FBL Regime
First of all, it should be pointed out that for a practical com-
munication system, the blocklength is definitely not infinite.
Hence, when we study the performance of such a system in the
IBL regime, this only indicates that the impact of the limited
length of coding blocks is ignored in the analysis. In particular,
the analysis in the IBL regime follows the assumption which
is only true when the blocklength is infinitely long: a packet is
assumed to be decoded with arbitrarily small error probability
given that the coding rate is lower than the Shannon capacity.
In an AWGN channel, the Shannon capacity, which quanti-
fies throughput in the IBL regime, is given in bits/symbol by
C = log2(1 + γ) , (1)
where γ is the signal to noise ratio (SNR) or signal to
interference plus noise ratio (SINR) at the receiver.
Under the more practical assumption that the coding block-
length is finite, i.e., the system operates in the FBL regime,
the decoding error may occur even when the transmission
coding rate is set to be lower than the Shannon capacity. In
an AWGN channel, the normal approximation of the coding
rate r (in bits per channel use) of transmission is derived
in [18]. Later on, this approximation is improved to be more
tighter in [26], where the third-order term of the normal
approximation is derived. In particular, with blocklength m,
block error probability , and SNR (or SINR) γ, the coding
rate r is given by [26]
r = R(m, γ, )
= log2(1 + γ)− log2 e
√
γ(γ + 2)
(γ + 1)2m
Q−1() +
logm
m
+
o(1)
l
,
(2)
where Q−1(x) is the inverse Q-function and the Q-function
is given by Q(x) =
∫∞
0
1√
2pi
e−t
2/2dt. On the other hand,
when the coding rate is fixed as r, the error probability of the
transmission is given by
 = P(m, γ, r) = Q
 log2(1 + γ)− r + logmm − o(1)l
log2e
√
γ(γ+2)
(γ+1)2m
 .
(3)
According to the characterizations in [18], the achievable cod-
ing/data rate in the FBL regime increases in the blocklength. In
particular, there exists a performance gap between the Shannon
capacity and FBL achievable rate. This performance gap in
a single-hop system is numerically shown in Fig. 2. The
figure illustrates that the gap is more significant for short
blocklengths, and the FBL performance degrades significantly
as the blocklength is decreased.
C. Problem Statements
Our main focus in this work is to investigate the perfor-
mance of the UAV-connected wireless system. We propose to
apply two transmission schemes and evaluate the throughput to
the UAV. In particular, we address the following fundamental
problems: When comparing NOMA and relaying, which one
is more preferred under which condition? How to provide an
optimal throughput to the UAV (under both the NOMA and
relaying schemes) while guaranteeing the GU’s transmission
quality by applying optimal resource allocation? What are the
performance differences in the considered network under the
IBL and FBL assumptions? How different the optimal resource
allocation solutions are in the FBL regime in comparison to
the IBL regime?
III. TRANSMISSION SCHEMES AND THROUGHPUT
CHARACTERIZATIONS
In this section, we present the NOMA and relaying schemes
and characterize the corresponding throughputs in the links to
the UAV and the GU. The characterizations of the two schemes
are provided in both the IBL and FBL regimes.
A. IBL Regime
If the AP serves only its GU and not the UAV, the through-
put of the GU is given by
µIBL0 =M log2
(
1 +
p0G2
σ2
)
. (4)
If, on the other hand, the UAV is served jointly with the GU,
the system behavior changes. In the following, we address the
throughputs (including both the UAV and GU) considering the
NOMA and relaying schemes, respectively.
1) NOMA: In the NOMA scheme, AP transmits two signals
xuav and xgu within the same coding length of M symbols via
the same frequency band to the UAV and GU simultaneously.
Denote by p1 and p2 the per symbol transmit power of
the two transmitted signals, i.e., p1 = E{‖xuav‖2}/M and
p2 = E{‖xgu‖2}/M . Note that the AP-UAV link is with high
probability to have line of sight (LoS) while the link from
the AP to the selected GU (that is paired with the UAV)
can experience more severe fading (e.g., due to blockages and
multipath fading). In other words, the quality of the AP-UAV
link is higher than that of the AP-GU link, i.e., G1 > G2.
Hence, without loss of generality, in the NOMA process we
assume p2 > p1 and let the UAV apply SIC to cancel the
inference of xgu.
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Fig. 2. Performance gap between the IBL and FBL regimes in a single-
hop system with a static channel. The FBL (achievable) rate is calculated
according to (2) while the target error probability is set as 10−4.
4The received signal at the UAV is given by
y1 =
√
p1G1xuav +
√
p2G1xgu + n , (5)
where n denotes the Gaussian noise with power σ2. Note
that the interference signal needs to be successfully cancelled,
which requires p2G1p1G1+σ2 >
p2G2
p1G2+σ2
. Moreover, the IBL
throughput of the UAV under the NOMA scheme is given
by
µIBLN,1 =M log2
(
1 +
p1G1
σ2
)
. (6)
On the other hand, the signal received by the GU is
y2 =
√
p1G2xuav +
√
p2G2xgu + n . (7)
Decoding the signal xgu while treating xuav as interference,
the GU’s throughput is given by
µIBLN,2 =M log2
(
1 +
p2G2
p1G2 + σ2
)
. (8)
2) Relaying: Under the relaying scheme, the UAV becomes
both a data receiver and a relay to forward the GU’s data
packet. In this scheme, the total length M of a frame is further
divided into two phases with lengths m1 and m2, satisfying
m1 +m2 = M . In the first phase, the AP transmits a large
data packet (containing the messages intended for both the
UAV and GU) to the UAV. If the UAV decodes the large data
packet correctly and recovers both messages, it forwards the
GU’s data in the second phase. Thus, the IBL throughput of
the GU under the relaying scheme is
µIBLR,2 = m2 log2
(
1 +
p2G3
σ2
)
. (9)
Note that the large data transmitted to the UAV includes both
the UAV’s data and the GU’s data. Hence, under the relaying
scheme the throughput via the link to the UAV is given by
m1 log2
(
1 + p1G1σ2
)
, which equals the sum of the UAV’s IBL
throughput µIBLR,1 and the GU’s throughput µ
IBL
R,2 . Therefore,
the IBL throughput of the UAV can be expressed as
µIBLR,1 = m1 log2
(
1 +
p1G1
σ2
)
− µIBLR,2 . (10)
B. FBL Regime
Note that in the FBL regime, transmissions are not arbitrar-
ily reliable anymore. We denote by ν1 and ν2 the reliability
requirements of the transmissions to the UAV and the GU,
respectively. When only the GU is served by the BS, the total
error probability is exactly the decoding error probability at
the GU. According to (3), when the AP only serves the GU,
the FBL throughput is given by
µFBL0 =M · R
(
M,
p0G2
σ2
, ν2
)
· (1− ν2) , (11)
In the following, we discuss the FBL throughput perfor-
mance of the NOMA and relaying schemes while guaranteeing
the GU’s reliability requirement.
1) NOMA: In the NOMA scheme, the UE decodes the
received signal given in (7) by treating xuav as interference.
Hence, the GU’s the throughput is given by
µFBLN,2 =M · r2 · (1− ν2) , (12)
where r2 = R
(
M, p2G2p1G2+σ2 , ν2
)
is the coding rate of the data
to the GU.
On the other hand, the decoding process at the UAV consists
of two steps, i.e., UAV first applies SIC and subsequently
decodes its own signal. Hence, both the SIC errors and the
decoding errors of the UAV’s own signal contribute to the
total error probability. Denote by SIC and N,1∗ the error
probabilities of SIC and decoding the UAV’s data packet at
the UAV. Then, the total error probability of the transmission
to the UAV is given by 1 − (1 − SIC)(1 − N,1∗). Note that
the error probability of this SIC process is given by
SIC = P
(
M,
p2G1
p1G1 + σ2
, r2
)
. (13)
Hence, to satisfy the reliability requirement, i.e., 1 − (1 −
SIC)(1−N,1∗) = ν1, the target error probability of the UAV’s
data transmission is required to be set to2 N,1∗ = 1− 1−ν11−SIC .
After successfully applying the SIC, the UAV subsequently
decodes it own data. The FBL throughput of the UAV in the
NOMA scheme is given by
µFBLN,1 =M · r1 · (1− SIC)(1− N,1∗)
=M · r1 · (1− ν1),
(14)
where r1 = R(M, p1G1σ2 , N,1∗) is the coding rate of the data
packet to the UAV.
2) Relaying: Under the relaying scheme, the AP first trans-
mits a large data packet in first phase to the UAV. The decoding
error probability of this transmission is exactly the total error
probability of the UAV’s data transmission, i.e., it is required to
satisfy the reliability constraint ν1. Hence, the FBL throughput
of the transmission to the UAV, including the data for both
UAV and GU, is given by
µFBLR,1+2 = m1 · R
(
m1,
p1G1
σ2
, ν1
)
· (1− ν1) . (15)
As long as the UAV’s decoding process is successful, the
UAV forwards the GU’s data packet in the second phase.
Denote by the R,2∗ the target decoding error probability at
the GU. According to the total reliability constraint of GU ν2,
it holds that ν2 = 1 − (1 − ν1)(1 − R,2∗). Hence, we have
R,2∗ = 1 − 1−ν21−ν1 . Then, the GU’s FBL throughput is given
by
µFBLR,2 = m2R
(
m2,
P2G3
σ2
, R,2∗
)
· (1− ν1)(1− R,2∗)
= m2R
(
m2,
P2G3
σ2
, R,2∗
)
· (1− ν2) .
(16)
2It should be pointed out that the decoding error probability is set as large
as possible to ensure the loosest constraint so that the maximum throughput
could be obtained.
5Finally, the UAV’s throughput can be obtained as
µFBLR,1 = m1 · R
(
m1,
p1G1
σ2
, ν1
)
· (1− ν1)− µFBLR,2 . (17)
So far, we have characterized the throughput performance
of the considered NOMA and relaying schemes in both the
IBL and FBL regimes. Following these characterizations, we
provide the corresponding optimal resource allocation designs
in the next section.
IV. RESOURCE ALLOCATION FOR MAXIMAL UAV
THROUGHPUT
In this section, by applying resource allocation, we inves-
tigate the optimal UAV throughput under both the NOMA
and relaying schemes. Our objective is to maximize the
throughput without using any additional resources (e.g., in
terms of transmission blocklength and transmit power), while
guaranteeing the GU’s transmission requirements including
throughput and reliability (in the FBL case). In particular,
we seek to guarantee the GU a weighted throughput level of
βµ0, where µ0 is the GU throughput if the UAV is not jointly
served, and β > 0 is the minimum rate coefficient, which is
a key factor that indicates the level of service guarantee. For
example, β < 1 indicates that only partial throughput can be
provided to the GU in comparison to the case in which the
UAV is not serviced. On the other hand, β > 1 represents
the scenario in which GU performance is required to be better
than the non-UAV-connected case.
A. UAV Throughput Maximization under the NOMA Scheme
According to (6) and (14), the UAV throughput in the
NOMA scheme can be maximized by choosing an optimal
p1. The general optimization problem of the NOMA scheme
(in both the IBL and FBL regimes) is formulated as:
max
p1
µN,1 (18a)
s.t. µN,2 ≥ βµ0, (18b)
p1 + p2≤ p0, p1, p2 ∈ R+ . (18c)
We have the following proposition for the above problem
Proposition 1. The optimal throughput offered to the UAV is
obtained when the inequality constraints in (18b) and (18c)
are satisfied with equality.
Proof: We prove the result by contradiction. Regarding
the sum power constraint in (18c), we first assume that there
exists an optimal solution (p′1, p
′
2) satisfying the constraints
with strict inequality, i.e. p0−p′1+p′2 = p′n > 0. Hence the op-
timal throughput offered to the UAV and the GU are µuav and
µgu. On the other hand, we could further allocate the power
left to UAV p′′1 and GU p
′′
2 in proportion to p
′
1 and p
′
2.Thus the
data rate to the GU is cgu = log2
(
1 +
(p′2+p
′′
2 )G2
(p′1+p
′′
1+p
′
2+p
′′
2 )G2+σ
2
)
.
Since (p
′
2+p
′′
2 )G2
(p′1+p
′′
1+p
′
2+p
′′
2 )G2+σ
2 >
p′2G2
(p′1+p
′
2)G2+
σ2p′1
p′1+p′′1
, the GU
could get more throughput. At the same time, the data rate of
UAV is cuav = log2
(
1 +
(p′1+p
′′
1 )G1
σ2
)
, and thus the throughput
to the UAV is also higher. Therefore, the assumption that
(p′1, p
′
2) is the optimal solution to the problem is violated. i.e.,
the optimal power allocation satisfies (18c) with equality. Sim-
ilarly, the strict equality of (18b) and guaranteeing constraint
can be proved.
According to Proposition 1, the original optimization prob-
lem for the NOMA scheme is equivalent to
max
p1
µN,1 (19a)
s.t. µN,2 = βµ0, (19b)
p1 + p2 = p0, p1, p2 ∈ R+. (19c)
We in the following solve the optimization problem given
in (19) in the IBL and FBL regimes, respectively.
1) UAV Throughput Maximization under the NOMA Scheme
in the IBL Regime: According to (8), constraint (19b) is
equivalent to the following equation
γIBLgu ,
p2G2
p1G2 + σ2
= 2
βµIBL0
M + 1, (20)
where γIBLgu represents the received SINR for the GU when
decoding its own data packet. Clearly, γIBLgu is a constant for
a given β.
According to (19c), p2 = p0 − p1 holds. Substituting this
into (20), the optimal solution (of the NOMA scheme in the
IBL regime) to Problems (18) and (19) is given by
pIBLN,1∗ = p0 −
γIBLgu p0G2 + γ
IBL
gu σ
2
G2
(
1 + γIBLgu
) . (21)
By inserting p1 = pIBLN,1∗ and p2 = p0 − p1 into (6), the
optimal throughput of the UAV is obtained.
2) UAV Throughput Maximization under the NOMA Scheme
in the FBL Regime: Similarly, in the FBL regime, to guarantee
constraint (19b), the coding rate of the data packet to the GU
should satisfy r2 =
βµFBL0
M(1−ν2) . Hence, according to (12) the
SINR at the GU should satisfy
γFBLgu = P−1(M,ν2, r2). (22)
By substituting p2 = p0 − p1, the optimal power allocation is
obtained as
pFBLN,1∗ = p0 −
P−1(M,ν2, r2)(p0G2 + σ2)
G2 (1 + P−1(M,ν2, r2)) . (23)
Hence, we have p2 = p0−pFBLN,1∗ . Then, the optimal throughput
of the UAV and the corresponding throughput of GU in the
FBL regime can be immediately calculated according to (14)
and (12).
B. UAV Throughput Maximization under the Relaying Scheme
In the relaying scheme, the total frame length of M symbols
is separated into two phases with lengths of m1 and m2.
Hence, to maximize the throughput of the UAV in the IBL
regime given in (10) and in the FBL regime given in (17),
the optimal transmit powers p1 and p2 as well as the optimal
blocklengths m1 and m2 should be determined. The optimiza-
6tion problem in the relaying scheme is formulated as:
max
p1,m1
µR,1 (24a)
s.t. µR,1 ≥ 0, (24b)
µR,2 ≥ βµ0, (24c)
m1p1 +m2p2 ≤Mp0, p1, p2 ∈ R+, (24d)
m1 +m2 ≤M, m1,m2 ∈ R+, (24e)
where the constraint (24b) indicates that the throughput of the
first phase should be higher than the second phase. Similar to
the discussion in Proposition 1, the inequalities in (24c), (24d)
and (24e) should be satisfied with equality to maximize µR,1.
Hence, the above problem is equivalent to
max
p1,m1
µR,1 (25a)
s.t. µR,1 ≥ 0, (25b)
µR,2 = βµ0, (25c)
m1p1 +m2p2=Mp0,p1, p2 ∈ R+, (25d)
m1 +m2 =M, m1,m2 ∈ R+. (25e)
In the following, we solve the problem in both the IBL and
FBL regimes.
1) UAV Throughput Maximization under the Relaying
Scheme in the IBL Regime: We first propose the following
key proposition to solve Problem (25) in the IBL regime.
Proposition 2. Problem (25) is convex in the IBL regime.
Proof: Note that µR,2 = βµIBL0 . Hence, we have p2 =
σ2
G3
(2
βµIBL0
M−m1 − 1). To guarantee (25d) and (25e), we should
have
p1 =
(
Mp0 − (M −m1)
(
2
βµ0
M−m1 − 1
)
σ2/G3
)
/m1. (26)
Substituting (26) into (10), the throughput can be expressed
as
µIBLR,1 = m1 log2
1+
(
Mp0−(M−m1) 2
βµ0
M−m1 −1
G3
σ2
)
G1
m1σ2

− βµ0,
(27)
in terms of the single variable m1. Hence, the proposition
is proved if µIBLR,1 in (27) is concave in m1. We show this
concavity as follows.
First, we introduce an auxiliary function t with respect
to m1
t =
(
Mp0 − (M −m1)2
βµ0
M−m1 − 1
G3
σ2
)
G1
σ2
. (28)
We further obtain the first and second order derivatives of
t(m1):
∂t
∂m1
=
G1
G3
(
2
βµ0
M−m1 − 1− βµ0 loge(2)
M −m1 2
βµ0
M−m1
)
. (29)
By introducing g = 2
βµ0
M−m1 ≥ 0, we have
∂t
∂m1
=
G1
G3
((1− g loge 2)2g − 1) ≤ 0. (30)
In addition, we have
∂2t
∂m21
= −G1
G3
β2M2(loge 2)
22
βµ0
M−m1
2(M −m1)3 ≤ 0. (31)
Then, the objective in (27) can be expressed as
µIBLR,1 = m1 log2
(
1 +
t
m1
)
− βµ0. (32)
We can obtain the second order derivative of µIBLR,1 with respect
to m1 as
∂2µIBLR,1
∂m12
=
m31
∂2t
∂m21
−m21( ∂t∂m1 )2−t2+m21t ∂
2t
∂m21
+2t( ∂t∂m1 )
2
loge(2)(m1 + t)
2
,
(33)
where m1 is by definition positive. According to (30) and (31),
∂2µIBLR,1
∂m12
≤ 0 holds.
According to Proposition 2, Problem (25) can be solved
efficiently in the IBL regime.
2) UAV Throughput Maximization under the Relaying
Scheme in the FBL Regime: Note that the R function in (3)
is not concave. Hence, the objective function in Problem (25)
is not concave in the FBL regime, i.e., Problem (25) is not
convex. In the following, we solve the problem in the FBL
regime by utilizing the monotonic property.
Proposition 3. The objective of Problem (25) is a monotonic
function with respect to two variables p1 and m1, if the
blocklength and reliability requirements are within a range
of practical interest, i.e., m ≥ 84 (which is the smallest
blocklength in LTE-A) and  < 10−1.
Proof: Clearly the proposition holds if it is shown that
r = R(m1, γ1, uav) is monotonically increasing in both γ1
and m1.
The first derivatives of r with respect to γ1 and m1 are
given by
∂r
∂γ1
=
(γ1 + 1)
√
γ21 + 2γ1 −Q−1(uav)/m1
(1 + γ1)2
√
γ21 + 2γ1
loge 2 , (34)
∂r
∂m1
=
1
2
Q−1(uav)
√
γ1(γ1 + 2)
(γ1 + 1)2m31
loge 2 +
1− logm1
m21
.
(35)
We assume that in our scenario the SNR is higher than 0 dB,
i.e., γ > 1 and the practical value of m1 > 84 and Q−1(uav) ∈
(2.3263, 5.9978). For (34), if (γ1 + 1)
√
γ21 + 2γ1 > 1 and
Q−1(uav)/m1 < 1 hold, then ∂r∂γ1 > 0. For (35), if we denote
c = 12 loge 2 · Q−1(uav)
√
γ1(γ1+2)
(γ1+1)2
for short, the minimum
of ∂r∂γ1 is obtained at m
′
1 = (
2
c )
2. For m1 ∈ (m′1,M ], (35)
is increasing in m1. For m1 > 84, to guarantee ∂r∂m1 > 0,
c > 0.3743 is required. As for the practical values mentioned
above, 12 loge 2Q
−1(uav)
√
γ1(γ1+2)
(γ1+1)2
≥ 0.4031 > 0.3743
holds. We thus have ∂r∂m1 > 0.
7As the objective function is monotonic increasing with
respect to both variables m1 and p1, the problem can be solved
by applying the framework of monotonic optimization [27],
resulting in a global optimum.
V. FEASIBILITY ANALYSIS ON GUARANTEEING THE
WEIGHTED THROUGHPUT OF THE GU
So far, we have characterized the IBL and FBL throughputs
under both the NOMA and relaying schemes and provided
corresponding optimal resource allocation designs while guar-
anteeing the weighted throughput of the GU, i.e., guaranteeing
βµ0. In this section, we provide a feasibility discussion on β
for both schemes.
We start with the NOMA scheme and introduce the follow-
ing proposition
Proposition 4. Under the NOMA scheme, the feasible range
of β values is β ∈ [0, 1] in both the IBL regime and FBL
regime.
Proof: Recall that for both the IBL and FBL regimes,
under the NOMA scheme the GU decodes the received signal
based on the SINR γ2 = p2G2p1G2+σ2 . Under the power constraint
p0 = p1 + p2, we have max
p1
γ2 =
p0G2
σ2 , which is exactly the
SNR of the GU when it is being solely served by the network.
In such a case, p1 = 0 and p2 = p0, which indicates that
allocating zero power to the UAV only guarantees β = 1.
Hence, the proposition is verified.
Proposition 4 indicates that when additionally serving the
UAV (with a positive throughput) under the NOMA scheme,
part of the GU’s throughput is sacrificed. On the other hand,
the sum throughput of the UAV and the GU is boosted, as the
channel from the AP to the UAV is much stronger than the
one to the GU.
Next, we discuss the relaying scheme and have the following
proposition
Proposition 5. For the relaying scheme, the feasible value of
β is possible to be higher than 1. In such case, a win-win
situation is created, i.e., the UAV is additionally served while
the GU’s performance is improved.
Proof: We first show that β ≥ 1 possibly holds under
the relaying scheme by considering the following example.
We consider a relaying scheme with m1 = m2 = M/2.
Note that the IBL throughput to the UAV is non-negative,
i.e., M2 log2
(
1 + p1G1σ2
)
− βM log2
(
1 + p0G2σ2
)
≥ 0. Hence,
we have
β > 1
⇔ log2
(
1 +
p1G1
σ2
)
− log2
(
1 +
p0G2
σ2
)2
> 0
⇔
(
1 +
p1G1
σ2
)
>
(
1 +
p0G2
σ2
)2
.
(36)
Note that the channel from the AP to the UAV is generally
LoS and the link from the AP to the selected GU (in pair
with the UAV) is generally weak, i.e., it is more likely that
G1  G2. Hence, there exist feasible p1 and p0, which satisfy(
1 + p1G1σ2
)
>
(
1 + p0G2σ2
)2
.
The possibility of β ≥ 1 can be also proved in the IBL
regime based on the following Lemma 1 which provides that
if β > 1 is guaranteed in the IBL regime, it also possibly
holds in the FBL regime.
Lemma 1. In the relaying scheme with given β, m1 and
m2, under certain conditions guaranteeing GU’s transmission
quality in the FBL regime requires less transmit power p2 to
GU than guaranteeing it in the IBL regime.
Proof: We prove Lemma 1 by discussing the special case
in which we have β = 1, m1 = m2 = M/2 = m and
the reliability constraint of UAV is much lower than the GU,
i.e., ν1  ν2. In addition, we consider a reliable transmission
scenario where the SNRs of all links are higher than 1.
In the IBL regime, according to (9), the throughput require-
ment of the GU is log2(t2) = 2 log2 t0, where we have defined
t0 = 1 +
p0G2
σ2 . Then, the IBL throughput of the UAV is
obtained by
c = log2(t1)− log2(t2) = log2
t1
t2
, (37)
where t1 = 1 + p1G1σ2 and t2 = 1 +
p2G3
σ2 .
In the FBL regime, the GU’s throughput requirement is
given in (11). Noting that ν1  ν2, we have R,2 =
ν2 − ν1 + ν1R,2 ≈ ν2, i.e., Q−1(ν2) ≈ Q−1(R,2). We
define A = Q−1(ν2) log2 e ≈ Q−1(R,2) log2 e and B =
log2m1
m1
= log2m2m2 . In addition, we denote t
′
2 = 1 +
p′2G3
σ2 and
t′1 = 1+
p′1G1
σ2 where p
′
1 and p
′
2 are the power allocation results
in the FBL regime. Then, the GU’s throughput requirement
given in (11) can be represented by
log2 t
′
2−A
√
1− 1
(t′2)2
−B = 2
(
log2 t0 −A
√
1− 1
t20
−B
)
.
(38)
Hence, we have
log2 t
′
2 = 2 log2 t0−A
(
2
√
1− 1
t20
−
√
1− 1
t′22
)
−B. (39)
Noting that SNRs are higher than 1, we have both t0 >
2 and t′2 > 2 hold. Therefore 2
√
1− 1
t20
−
√
1− 1
t′22
≥ 0
by transforming into 3 ≥ 4
t20
− 1
t′22
, which is obviously valid.
Thus log2 t
′
2 < log2 t2 holds, which is equivalent to p
′
2 < p2.
This indicates that more resources could be allocated for the
first hop, i,e, the serving quality of UAV is better than that
calculated in the IBL regime.
VI. SIMULATION RESULTS AND DISCUSSION
In this section, we provide our simulation results. We first
validate our analytical model and subsequently evaluate the
IBL and FBL performances of the considered network. The
simulation results are conducted under the following parameter
setups. First, we consider a 3-dimensional topology where the
AP is deployed at point (0, 0, 20), while the UAV and GU
positions are set to (100, 0, 100) and (700, 0, 0). In addition,
8the total transmit power is p0 = 1W = 30dBm while the
noise power is σ2 = −80dBm. Moreover, we set the frame
length to M = 400 symbols. Finally, for the analysis in the
FBL regime, the target error probabilities of the transmissions
to the UAV and the GU are set to ν1 = 10−4 and ν2 = 10−3,
respectively. Moreover, noting that the AP-GU link, the AP-
UAV link, and the UAV-GU link have different probabilities
of LoS, in the simulation we consider the following path loss
formulations. We adopt the general path loss model from [28],
which is given by
Li = L(d0) + 10αi · log
(
di
d0
)
, (40)
where L(d0) is determined by the free space path loss at
reference distance d0 = 100m. In addition, {αi} for i = 1, 2, 3
are the path loss exponents, which are potentially different for
the three links with different probabilities of LoS. In particular,
we adopted the setups from [28] and set α1 = 2 for the
AP-UAV link (with LoS) and α2 = 3.5 for the AP-GU link
(without LoS). Moreover, following the model in [29], we
have the following path loss exponent for the UAV-GU link:
α3 = a1 · P (θ) + b1, where P (θ) = 11+a2e−b2(θ−a2) is the
probability of the LoS between UAV and GU, as introduced
in [30]. In addition, we set a1 = −1.5, a2 = 2, a2 = 9.61,
and b2 = 0.16, according to the rural area setup in [31].
A. Validations
In this subsection, we validate our analytical model via
simulation and numerical results that depict the instantaneous
performances within a single frame.
We start with Fig. 3 to show the impact of power allocation
on the UAV throughput. The figure has two parts, i.e.,
Fig. 3(a) and Fig. 3(b). In particular, Fig. 3(a) provides
the all the feasible values of IBL throughput of the UAV
under the NOMA scheme, i.e., the objective in Problem (18),
while satisfying the inequality constraints (18b) and (18c).
In addition, the optimal solution to Problem (18) obtained
via exhaustive search is also provided in the figure as a
red point. The two cut-surfaces crossing the optimal solution
point actually represent the equality cases of (18b) and (18c).
Clearly, Fig. 3(a) shows that under the scenario that β = 0.5,
the optimal solution satisfies (18b) and (18c) with equality.
Moreover, a set of corresponding results are provided in
Fig. 3(b), where different values of β are considered. Again, it
is observed that the optimal solutions are exactly the crossing
points where the power constraint and the GU’s throughput
constraint hold with equality, verifying Proposition 1.
Next, we consider the relaying scheme in the IBL regime. In
Fig. 4, we show the relationship among the IBL throughput of
UAV, blocklength m1 and transmit power p1, when β = 1.0.
Note that only the feasible vaules of the UAV’s throughput
are visible, i.e. the blocklength and power allocation must
satisfy the constraints in (24). Clearly, it is observed that the
UAV throughput in the IBL regime is concave in m1 and P1,
confirming the characterization in Proposition 2.
In addition, in Fig. 5(a) we investigate the relationship
between the throughput of the UAV with the blocklength m1,
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Fig. 4. Validation of convexity of the relaying scheme in the IBL regime.
while different values of the transmit power p1 are considered.
Fig. 5(a) shows that the UAV throughput is monotonically
increasing in the blocklength of the first hop within the feasible
set. Note that the sudden cut after each curve achieving its
maximum value is due to the feasibility criterion, i.e. the
constraint to guarantee GU’s performance is violated if a
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Fig. 5. Validation of monotonicity of relaying scheme in the FBL regime.
blocklength longer than that required at the maximum point
is allocated. In parallel, the impact of transmit power p1 on
the throughput of the UAV is given in Fig. 5(b) for different
values of the blocklength m1. It is observed that the UAV
throughput is monotonically increasing in the transmit power
allocated to the first hop within the feasible set. In other words,
Fig. 5 confirms Proposition 3 that the UAV throughput under
the relaying schemes is a monotonic function with respect to
p1 and m1 within the corresponding feasible sets.
Moreover, Fig. 6 studies the throughput of the UAV while
comparing the NOMA and the relaying schemes in both the
IBL and the FBL regimes. In the simulation, we vary the
minimum rate coefficient β from 0.5 to 2. The throughput
of the UAV under the NOMA scheme is depicted using
circle markers, while the performance under the relaying
scheme is shown with a plus marker. The solid lines represent
the performance in the IBL regime and the dashed line is
indicating the performance in the FBL regime.
It is evident in Fig. 6 that the feasible ranges of the
minimum rate coefficient are different in the two schemes.
In particular, the NOMA curves drop rapidly as β gets close
0.5 1 1.5 2
Minimum rate coefficient 
0
1
2
3
4
5
6
7
8
9
Th
ro
ug
hp
ut
 o
f t
he
 U
AV
 [B
its
/Fr
am
e] NOMA FBL
Relaying FBL
NOMA IBL
Relaying IBL
Fig. 6. Performance comparison between NOMA and Relaying in both IBL
and FBL regimes for GU at 700 m.
0 10 20 30 40 50 60 70 80 90 100
Percentage of blocklength allocated to the first hop 
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
Th
ro
ug
hp
ut
 o
f t
he
 U
AV
 [B
its
/sy
mb
ol]
IBL
FBL M=400
FBL M=800
FBL M=1600
Fig. 7. The UAV throughput in the IBL and the FBL regimes. In the figure,
we set β = 1.
to 1. This confirms Proposition 4 that the NOMA scheme
only serves the UAV with β ∈ [0, 1] in both the IBL and
FBL regimes. On the other hand, the relaying scheme could
offer more throughput (β > 1) to the GU and serve the
UAV simultaneously, i.e., offer a win-win strategy, which
matches our characterization in Proposition 5. In addition, we
could observe from Fig. 6 that under the NOMA scheme,
the throughput of the UAV in the FBL regime is smaller
than the throughput in the IBL regime. More interestingly,
the FBL throughput under the relaying scheme is higher than
the IBL throughput when β is higher than 0.6. This verifies
Proposition 1 that under the relaying scheme, it is possible
that less resource is required in the FBL regime (than in the
IBL regime) to guarantee the GU’s transmission quality, i.e.,
more resources could be spent for the UAV.
Next, we show the impact of m1 on the throughput of the
UAV in Fig. 7 where results in both the IBL and FBL regimes
are provided. The difference between Fig. 7 and Fig. 5(a) is
that the transmit power p1 in Fig. 7 is optimally chosen. It
is observed that the optimal blocklength of the first hop in
the FBL regime is shorter than the one in the IBL regime,
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Fig. 8. Performance comparison between NOMA and Relaying in both IBL
and FBL regime for GU at 400 m.
which again confirms Lemma 1. Moreover, this blocklength
difference between the two regimes is getting smaller as the
total frame length increases.
To discuss the applicability of the model under the proposed
schemes, we place another GU at (400, 0, 0), which is closer
to the AP than the setup in Fig. 6, where the single GU is
located at (700, 0, 0). The throughput results are illustrated in
Fig. 8. In contrast to Fig. 6, the win-win region (β > 1 and
UAV throughput is positive) of relaying is much smaller in
Fig. 8. On the other hand, for β < 0.99, the NOMA scheme
outperforms the relaying scheme in both the IBL and FBL
regimes. In other words, when the UAV is paired with the GU
which has a good channel link to the AP, the NOMA scheme
is generally more preferred in terms of the total throughput.
B. Evaluation
In this subsection, we evaluate the average system per-
formance over channel fading. In particular, we have the
following setup on the channel fading: (A) for the AP-UAV
channel with LoS, we apply Rician fading with non-centrality
parameter as 1; (B) for the UAV-GU channel, we apply Rician
fading with non-centrality parameter as the probability of LoS;
(C) finally we apply Rayleigh fading model for the AP-GU
channel without LoS.
1) User Selection: Fig. 9 illustrates the impact of the GU’s
distance (to the AP) on the UAV throughput performance. Note
that the NOMA scheme never works at β > 1. Hence, we
set the minimum rate coefficient β = 0.95, and evaluate the
performance of the NOMA and relaying schemes in both the
IBL and FBL regimes. The results are consistent with Fig. 6
and Fig. 8 in that the NOMA scheme is more preferred when
the GU is close to the AP. Moreover, Fig. 9 also confirms the
results observed in Fig. 6 to Fig. 8 that in the FBL regime
relaying provides a relatively higher throughput to UAV than
in the IBL regime.
2) The Impact of FBL Regime in Resource Allocation: In
the following, we investigate how the optimization problem
in the FBL regime differs from that in the IBL regime, and
what the performance loss is if we directly apply the allocation
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Fig. 9. Performance evaluation in different GU’s distance
parameters obtained in the IBL regime into practice. It should
be pointed out that the optimal allocation parameter of the
NOMA scheme in the IBL regime is not feasible in the FBL
regime. It is due to the fact that the power p2 obtained in
the IBL regime is not able to guarantee the GU’s reliability
and throughput requirement in the FBL regime. Therefore, we
only compare the IBL throughput with the FBL throughput
under the relaying scheme. In particular, three types of results
are provided: (A) IBL throughput: the optimal throughput of
UAV purely according to the design in the IBL mode; (B)
FBL throughput: the optimal throughput of UAV based on the
proposed design in the FBL regime; (C) FBL throughput with
IBL blocklength: we obtain the optimal blocklength solution
in the IBL regime (i.e., using the IBL throughput metrics),
and calculate the FBL performance based on these blocklength
(BL) results (where the transmit power is reallocated to satisfy
the GU’s reliability and throughput requirements).
The impact of the frame length M on the optimal through-
put of the UAV is shown in Fig. 10. Significant performance
difference between the designs in the two regimes are observed
clearly from the figure. On the one hand, the FBL throughput
of UAV is much higher than the IBL throughput, i.e., the IBL
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frame length.
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the GU’s error probability constraint from 10−9 to 10−1.
model is inaccurate when the frame length M is relatively
short. On the other hand, directly applying the IBL optimal
solution to a system operating with FBL codes also introduces
considerable performance loss, i.e., the gap between the FBL
throughput and FBL throughput with IBL BL (i.e., using
the BL results obtained by considering the IBL throughput
characterizations).
Moreover, we study the impact of the GU’s reliability re-
quirement on the UAV throughput in Fig. 11. Again, significant
performance gaps are observed between the FBL and IBL
regimes, which confirms that it is necessary and essential
to provide the FBL design (under relaying scheme) for a
UAV network operating with short blocklengths. Moreover,
this necessity is more obvious when the GU has a stringent
reliability constraint, i.e., the performance gaps between the
curves are more considerable when the GU’s error probability
constraint becomes lower.
Finally, although the designs (for optimal resource alloca-
tions for a UAV-GU pair under relaying and NOMA schemes)
in this work are motivated by utilizing the more favorable
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pair.
channel conditions (with a high probability of LoS) in links
from/to the UAV and utilizing the channel quality difference
between the AP-UAV and AP-GU links, it should be pointed
out that these designs can be also applied for the scenario with
a pair of GUs. In the following, we compare these two types of
user pairs, i.e., UAV-GU and GU-GU, to show how our designs
benefit the UAV connected scenario.. We set the locations of
the AP and the first (primary) GU to (0, 0, 20) and (800, 0, 0),
respectively. In addition, we set the locations of the UAV and
the second GU to (dˆ, 0, 100) and (dˆ, 0, 0), i.e., letting the UAV
and the second GU have the same ground location/projection,
and vary dˆ from 150 m to 1000 m. Moreover, we set the
minimum rate coefficient β = 0.95.
The throughput results of the comparison are provided in
Fig. 12. Clearly, owing to the high probability of LoS, the UAV
achieves a significantly higher throughput via our designs than
the second GU. Moreover, relaying has better performances for
both the UAV-GU and GU-GU cases in comparison to NOMA.
The corresponding outage probability results are shown in
Fig. 13, where the outage probability represents the probability
that the first (primary) GU’s transmission quality cannot be
guaranteed, i.e., the probability that the UAV or the second
GU cannot be additionally serviced by the AP. It can be
observed that the outage probability of the second GU is
significantly higher than that of the UAV. In particular, in
order to guarantee the first GU’s transmission quality, the GU-
GU pair is not able to provide a reliable connection for the
second GU when this GU is a relatively far from the AP, e.g.,
when the distance of the second GU to the AP is longer than
600, the outage probability of the second GU becomes higher
than 10−1. On the other hand, the UAV-GU pair introduces
a relatively reliable connection to the UAV. Surprisingly, the
NOMA scheme is more reliable for the UAV connection than
relaying, which is totally different from the results in Fig. 12
with respect to the throughput. In particular, this performance
advantage of NOMA with respect to outage probability is more
significant when the UAV is close to the AP.
Combining the results in Fig. 12 and Fig. 13, we conclude
that the NOMA scheme has a higher probability to provide a
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connection to the UAV, while this connection generally results
in a lower throughput to the UAV than the relaying scheme.
Hence, the NOMA scheme is more suitable for data traffic
with small data packet sizes and requiring a high probability
of connection. Moreover, a hybrid scheme, which dynamically
shifts between NOMA and relaying schemes, is strongly
suggested for the considered UAV-connected ground network.
This hybrid scheme definitely achieves better throughput and
outage probability performances than the pure NOMA and
relaying schemes, which is more important for UAVs with
low-latency high reliability applications.
VII. CONCLUSION
In this paper, we have studied a ground wireless network
supporting UAV transmissions, and considered NOMA and
relaying schemes. The throughputs of UAV and GU are
characterized in the IBL regime and the FBL regime, respec-
tively. Following the throughput characterizations, we have
provided optimal resource allocation designs for the NOMA
and relaying schemes in both the IBL and FBL regimes. In
particular, the objective of the designs is to maximize the UAV
throughput while guaranteeing the GU’s transmission quality
with respect to throughput and reliability.
Via simulations, we have validated our analytical model and
evaluated the system performance. In particular, the results
suggest that the NOMA scheme is more preferred if the GU
has a good link to the AP (e.g., GU is within a short distance to
the AP), while the relaying scheme demonstrates its advantage
when the GU is relatively far form the AP. Moreover, the
relaying scheme is able to create a win-win situation, i.e.,
improve the performance of the GU while additionally pro-
viding a transmission service to the UAV. More importantly
and surprisingly, we have observed that the relaying scheme
offers a higher throughput to the UAV in the FBL regime
than in the IBL regime, due to the fact that in the FBL regime
less resources are required to guarantee the GU’s transmission
quality and therefore the extra resources can be allocated to the
transmission to the UAV. However, it is also observed that (in
comparsion to relaying) the NOMA scheme provides a higher
UAV throughput by slightly sacrificing the GU’s performance
and is more reliable in providing a connection to the UAV
than relaying with respect to the outage probability. Hence,
a hybrid scheme, which dynamically shifts between NOMA
and relaying schemes, is strongly advocated to achieve a high
throughput while having a lower outage probability.
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